RESULTS
The involvement of RWP-RK domain (RKD) genes in generative processes appears to occur broadly throughout plants, extending to algal relatives. In addition to the RKD-induced expression of an egg cell-like transcriptome in Arabidopsis thaliana, the minus gamete mating type of the unicellular, isogamous green algae Chlamydomonas reinhardtii is determined by the RKD transcription factor MINUS DOMINANCE (MID) [11, 18] . This similar function in phylogenetically distant plants suggests an ancestral role for the RKD gene family in plant gamete differentiation, and it prompted us to examine the roles of homologous genes in Marchantia polymorpha.
The RKD Subfamily of RWP-RK Transcription Factors Is
Found throughout the Viridiplantae Previous analyses of the RWP-RK family divided it into four subfamilies, NLP and RKD(A, B, and C), although the RKD subfamilies as designated in Chardin et al. [19] were not strictly monophyletic and the NLP subfamily nests within RKD-designated clades. In order to investigate the prevalence and conservation of RWP-RK homologs among land plants, we searched publicly available databases for homologs in M. polymorpha and other species spanning the major branches of the land plant phylogeny, including A. thaliana and Oryza sativa as representatives of dicotyledoneous and monocotyledoneous flowering plants, Selaginella moellendorfii (lycophyte), and Physcomitrella patens (moss). Our phylogenetic analysis identified five monophyletic clades, of which four contained land plant sequences: RKD, MID, NIN, and a clade not previously identified ( Figure 1 ). The 14 RWP-RK genes of A. thaliana reside in only two clades, nine classified as NLP-type and five as RKD-type (AtRKD1-5) genes, respectively [13, 19] . A. thaliana apparently lost its MID ortholog, although other flowering plants possess MID genes. The M. polymorpha genome encodes four RWP-RK proteins, one in each of the clades represented by land plants. Mapoly0022s0128 , designated MpRKD, is a member of the RKD clade. RKD genes were previously identified in Chlorophyte species, providing evidence of the antiquity of this subfamily [19] . Based on the tree topology, we propose that MpRKD is orthologous to all five A. thaliana RKD-type genes, with AtRKD5 potentially retaining more ancestral sequence characteristics ( Figure S2 ).
MpRKD Is Broadly Expressed in the Gametophytic and Sporophytic Generation
In A. thaliana, RKD-type genes show expression patterns (AtRKD1-4) that are highly restricted to egg cell, egg apparatus, ovules, or other reproductive organs, with the exception of AtRKD5, which is more broadly expressed [10] . Importantly, all AtRKD genes except for AtRKD4 are expressed in the egg cell [9, 20] . To assess whether the similarity between AtRKD5 and MpRKD is also reflected at the level of expression, two MpRKD promoter fragments (4.8 kb and 2.8 kb upstream sequence, respectively) were cloned to drive expression of a triple yellow fluorescent protein (trpVNS) with a nuclear localization signal (NLS) and transformed into M. polymorpha sporelings. All transformants expressing the trpVNS fluorescent protein (4.8 kb:
95%, n = 93; 2.8 kb: 98%, n = 60) showed an indistinguishable expression pattern. During vegetative stages of development, expression was observed in most cells of the thallus, with higher levels around the meristematic regions of the apical notches ( Figure 2A ) and in gemma cup rims ( Figure 2B ).
In male sexual organs, MpRKD as monitored by trpVNS was expressed largely in the antheridial splash platform ( Figure 2C ) and specifically in the spermatogenous cells inside antheridia ( Figure 2G) . Some of the non-reproductive cells surrounding the antheridia (jacket cells), especially toward the apical surface Unrooted phylogenetic tree of the RWP-RK homologs of the Viridiplantae reconstructed with Bayesian inference from aligned amino acid sequences ( Figure S1 ). Bayesian inference was calculated with ten million Markov Chain Monte Carlo (MCMC) generations. Posterior probability values above 0.9 are indicated by full circles, and empty circles denote posterior probability values above 0.7 of the respective nodes. Five clades were retrieved, four of which contained land plant sequences (denoted by colored arcs). Previous analyses used the only non-plant sequences from Dictyostelium to root the tree [19] , but our analysis suggests these were acquired by the slime mold via horizontal gene transfer from a land plant. Thus, we named the clades after the first characterized genes in each as follows: RKD (RKD(A) of Chardin et al. [19] ), MID (similar to RKD(C) of Chardin et al. [19] ), NIN (NLP of Chardin et al. [19] ), and an unnamed clade (red) lacking flowering plant genes. M. polymorpha homologs are in bold and their position is indicated with a star: Mapoly0022s0128 (MpRKD), Mapoly0083s0040 (MpNIN), Mapoly0014s044 (MpMID), and Mapoly0049s0118 (MpRWP). All RKD clade genes identified shared the conserved RKD and a second domain, to which Chardin et al. [19] referred to as motif 12, and related sequences can be found not only in genes of the RKD clade but also in other sequences indicated in blue. Likewise, sequences highlighted in red and green, respectively, also share conserved sequences outside the RWP-RK domain. Some of the S. moellendorfii and charophycean algal sequences are incomplete. Mp, Mapoly. See also Figures S1 and S2. of the antheridia splash platform, also showed expression ( Figure 2G ).
In mature female sexual organs, strong expression was observed in the archegoniophore ( Figure 2D ) and the perichaetum tissue containing the archegonia ( Figure 2I ). The archegonia showed trpVNS expression exclusively in the egg cell and some cells in the lower neck at the entrance of the neck canal (Figure 2I ). After fertilization more neck cells expressed trpVNS ( Figure S3D ), suggesting a possible function of MpRKD in spermatocyte interaction or attraction. Indeed, such a function is supported by an independent study, reporting that sperm attraction to archegonia depends on MpRKD [21] .
During sporophytic development, dispersed trpVNS expression was observed initially in localized cells of the outer capsule wall ( Figure 2E ), a domain that expanded over time and also included some cells in the foot. The sporogenous cells inside the sporogonium and later the developing spores, but not developing elater cells, also showed strong expression of trpVNS ( Figure 2F Table S1 .
(H) Growth rate of wild-type and amiRKD gemmae. Gemmae were cultured on plates containing halfstrength Gamborg B5 medium, and plates were regularly scanned to measure the increase in surface area. The area is indicated in mm 2 , time in days after plating (DAP), asterisks indicate a significantly different growth rate within an interval (*p < 0.05, **p < 0.01, and ***p < 0.001), and error bars indicate the 95% confidence interval. See the Supplemental Experimental Procedures for details and Table S2 . sion in gemma cups and apical notches during vegetative stages and in the antheridia and egg cells during sexual stages. Taken together, these findings indicate a role of MpRKD in various aspects of M. polymorpha development and point to a possible requirement of MpRKD in processes related to cell proliferation and differentiation, as well as sexual reproduction.
MpRKD Is Involved in Gemma Cup Formation and the Control of Thallus Growth
To investigate the function of MpRKD during M. polymorpha development, we made transformants using three independent artificial microRNA (amiRNA) constructs, based on the endogenous amiR160 microRNA [22] and driven by the ubiquitous MpEF1a promoter [23] , to downregulate endogenous MpRKD transcript levels in M. polymorpha thalli and gametophores (Figure 3G) . Downregulation of MpRKD caused severe defects in gemma cup formation ( Figures 3D-3F ) to a similar degree with all three constructs, although amiRKD(3) showed a higher percentage of plants that did not produce gemmae at all (Table S1 ; Figure S4A ). In amiRNA transformants, the gemmae were not contained in cups but emerged directly on the surface from the cavity where they developed [24] . Although the side walls of the gemma cups failed to develop, small, knob-like protrusions formed around the edge of the cavity but did not develop further ( Figures 3D-3F ). In the wild-type, these protrusions formed the toothed rim of the gemma cup ( Figures  3A-3C ). Viability and functionality of the gemmae were not impaired, yet the growth rates of gemmae from amiRNA transformants were significantly reduced (Table S2 ). The difference in growth rate between pMpEF1a::amiRKD (1) MpmiR160 and wildtype gemmae was especially pronounced in the early phases of growth, resulting in wild-type plants that were larger at the end of the observation period ( Figure 3H ). The overall growth rate was confirmed to be significantly different (p < 0.05), with a highly significant interaction of the amiRNA with time after plating (p < 0.001) by a linear regression model based on the log-transformed thallus area measurements ( Figure S4B ). However, there was a significant size difference already one day after plating (mean area wild-type, 0.267 mm 2 ; amiRNA transformed, 0.208 mm 2 ; Student's t test, p < 0.05; Figure S4C ), which might amplify the difference in growth rate, especially at early phases.
In conclusion, MpRKD has a fundamental role in the gemma cup formation and influences the growth rate during vegetative development.
MpRKD Function Is Required to Prevent Proliferation in the Absence of Fertilization
To determine whether MpRKD has a function during sexual reproduction, a stage with prominent MpRKD expression, we microscopically analyzed sexual development of amiRNA transformants using clearings of archegonia. Neither the morphology nor the anatomy of the archegonia of amiRNA transformants differed from that of the wild-type [25, 26] . In the wild-type, a large cell at the base of the archegonium differentiated as the egg cell, with the cells above, the neck canal cells, disintegrating prior to fertilization ( Figure 4A ). In amiRNA transformants, large cells could clearly be identified at immature stages of archegonial development ( Figure 4C ), suggesting that, based on anatomy and position, egg cell specification had occurred. Hereafter, we refer to these cells as egg cells, but it should be noted that in the absence of molecular markers for egg cell differentiation and Table S3 and Movie S1.
maturation, it remains unclear whether these cells are fully differentiated or halt development at a precursor stage. In amiRNA transformants, the cells that would normally differentiate into quiescent egg cells underwent cell divisions in the absence of fertilization (Figures 4B and 4D) . They started to divide before the archegonia reached maturity (Figure 4D ), failing to establish and/or maintain the quiescent state typical of egg cells prior to fertilization. In 32% of the archegonia, we observed unfertilized, dividing egg cells, while the egg cells had degenerated and only cellular debris was seen in 55% of the archegonia (Table S3 ). The content of a few archegonia could not be classified or they were empty, which may be an artifact of the clearing treatment. The size of the compartment containing dividing cells or the mature, quiescent egg cell in amiRNA-transformed and wild-type plants, respectively, did not significantly differ (amiRNA: 9.69 3 10 5 ± 1.58 3 10 5 mm 3 , n = 6; wild-type:
9.90 3 10 5 ± 6.60 3 10 4 mm 3 , n = 22; Student's t test, p = 0.91). This indicates that amiRNA-transformed egg cells reach a normal size before they divide and that these unusual divisions occur in cleavage mode, without intermittent cell growth between divisions. These findings show that MpRKD plays a crucial role in establishing and/or maintaining the quiescent state of the egg cell prior to fertilization, preventing it from undergoing parthenogenetic, cleavage-type cell divisions.
To determine the fertility of these transformants, we carried out crosses with wild-type males. None of the crosses (n = 19) yielded any offspring, demonstrating that amiRNA-transformed female plants were sterile. In contrast, crossing the same males with wild-type females (n = 22) yielded 26 ± 2.52 (mean ± SE) sporophytes per archegoniophore. Although MpRKD is highly expressed in wild-type antheridia and expression is reduced in antheridiophores of amiRNA transformants ( Figure 3G ), transformed males were fertile and, thus, formed at least some functional spermatocytes.
In normally fertilized egg cells, the division pattern during early embryogenesis is highly stereotypical and the third division partitions the embryo into spherical octants [26] (Figures 4K and  4M ). To test whether the division pattern of unfertilized egg cells is similar to that during embryogenesis, we dissected archegonia and stained the cell walls with propidium iodide to record 3D images by confocal microscopy. Surfaces of parthenogenetically dividing (Figures 4I and 4J ; Movie S1) cells and wild-type embryos ( Figures 4G and 4H) were manually marked and the volumes extracted. Unlike during embryogenesis, the divisions of unfertilized egg cells of amiRNA transformants were primarily characterized by transverse and a few lateral divisions. Only occasionally, we observed secondary divisions occurring in a frontal plane. Consequently, columns of elongated cells were formed ( Figure 4H) , rather than the sub-spherical ball of cells observed during embryogenesis (Figures 4L and 4N) [26] . Thus, while amiRNA-transformed egg cells divide in the absence of fertilization, the pattern of these divisions differs from those of the embryo. Despite these differences in the division pattern, however, there was no obvious cellular growth between divisions in amiRNA transformants, indicating that the divisions occurred in cleavage mode as during early embryogenesis. Interestingly, ectopic archegoniophores later developed from the compartments that had contained unfertilized, dividing egg cells ( Figures 4E and 4F) , indicating that these cells can recapitulate archegoniophore development. However, in later clonal generations of the same plants, this phenotype was not observed anymore, possibly due to gene-environment interactions or genetic compensation and adaptation to the transgene, taking an additional generation to get established.
In summary, a reduction of MpRKD activity results in a failure to establish and/or maintain egg cell quiescence and in cell divisions occurring in a non-stereotypical pattern, eventually leading to sexually sterile female plants. Thus, MpRKD is a key regulator of the gametophyte-sporophyte transition by preventing the egg cell from entering mitosis in the absence of fertilization, i.e., by suppressing parthenogenesis.
Mis-expression of MpRKD Did Not Produce Any Obvious Phenotypes in A. thaliana
In A. thaliana, the mis-expression of AtRKD1 or AtRKD2, but not AtRKD3 or AtRKD4, causes severe defects in the sporophyte meristem, wherein cells start to proliferate and express an egg cell-like transcriptome. This phenotype led to the hypothesis that RKD factors play an important role in egg cell specification and differentiation [10] . In order to test the functional conservation of RKD factors in this respect, we mis-expressed MpRKD in A. thaliana to see whether MpRKD would cause the same phenotype as AtRKD1 or AtRKD2. Despite the confirmed presence of the transgene in T1 plants, no discernible phenotypes could be detected. While this does not provide conclusive evidence on the conservation of RKD function, it is compatible with the finding that mis-expression of either AtRKD3 or AtRKD4 in A. thaliana did not produce any obvious phenotypes either [10] .
DISCUSSION
Differentiation and maintenance of egg cell identity and function is of great importance in all sexual organisms. In the life cycle of land plants, the switch between the quiescent and proliferative states of the egg cell, usually triggered by fertilization, marks the transition between the gametophytic and sporophytic generation.
The role of MpRKD in controlling the gametophyte-sporophyte transition is intriguing, as amiRNA-transformed egg cells show some aspects of parthenogenesis, namely proliferation in the absence of fertilization, but not others, e.g., they do not form viable, normally patterned embryos. Nevertheless, the early divisions of amiRNA-transformed egg cells are of the cleavage type, showing some similarities to early embryogenesis. This phenotype is reminiscent of that of multicopy suppressor of ira1 (msi1) mutant egg cells, which sometimes proliferate in the absence of fertilization and form disorganized embryos that abort [27, 28] . In both cases, it is not clear what causes the egg cell to proliferate and, as markers for specific cells and stages during egg cell and embryo development are not yet available in M. polymorpha, this question has to remain open, as the cellular identity of the dividing cells cannot be determined. The induction of parthenogenesis, as observed in M. polymorpha egg cells with reduced MpRKD expression or A. thaliana msi1 mutant egg cells, has great importance for agriculture. Parthenogenesis is one of the components of apomixis, the asexual reproduction through seeds [29, 30] , which could revolutionize plant breeding and seed production [31, 32] . In general, our understanding of egg activation and the initiation of embryogenesis is very poor. Our study identified MpRKD as one of the few factors known to play a role in this important process and may help in unraveling its molecular basis.
In M. polymorpha plants with downregulated MpRKD expression, the egg cell reaches its typical large size. Thus, MpRKD may be required for the maintenance of egg cell differentiation and/or quiescence, which may be tightly linked to each other, as they are in A. thaliana pollen development, where DUO1 and DUO3 play an analogous role to that of RKD-type genes in terms of proliferation and differentiation [33, 34] . On the other hand, an involvement of MpRKD in cell fate specification is substantiated by the observations that MpRKD is required for sperm proliferation and differentiation during M. polymorpha male gametogenesis [21] and that the basal cell in Atrkd4 mutant embryos in A. thaliana differentiates normally and expresses cell-specific markers, but subsequently loses its fate and basal cell fate markers disappear [35] . The small protrusions around the rim of the cavity containing the gemmae in amiRNA-transformed M. polymorpha plants could represent an analogous example for initiation of a cell fate that is later aborted due to the lack of MpRKD function. In addition, some RKD factors can initiate or prime the development of ectopic tissues with similarities to egg cells or somatic embryos when mis-expressed in sporophytic tissues [10, 36] . Thus, RKD factors do not generally repress proliferation, but rather promote it in certain contexts and potentially represent important regulators of cell fate specification and maintenance.
AtRKD5 is the only RKD-type gene in A. thaliana that, like MpRKD, is expressed throughout vegetative development of the respective dominant generation [10] . The strong selection to maintain one RKD ortholog suggests that these fulfill a fundamental function during the plant life cycle and that the subsequent evolutionary differentiation of orthologs was used to fulfill more specialized roles. Whereas MpRKD appears to be primarily active in the control of gametophyte development, RKD function has also been recruited to early phases of embryogenesis in flowering plants. As no loss-of-function phenotypes have yet been reported during A. thaliana gametophyte development, it will be interesting to see whether AtRKD5 or other family members that are expressed in the gametophyte [10, 20] retained developmental functions in this generation, especially with regard to the reversal of the dominant generation that occurred from liverworts to flowering plants.
Gamete differentiation in C. reinhardtii is dependent upon KNOX and BELL homeodomain proteins, which are expressed in the minus and plus gametes, respectively, and heterodimerize upon gamete fusion to regulate zygote-specific gene expression [37] . Fascinatingly, the minus gamete has been hypothesized to have evolved into the sperm cell in different volvocine algae [38, 39] , while in the land plant P. patens the KNOX expression pattern, which in C. reinhardtii is dependent on MID, indicates that the minus gamete evolved into the egg cell [40] . The functional involvement of MpRKD, a paralog of MID, in egg cell specification and/or function in M. polymorpha suggests a common thread in land plants, raising the question of how and when dimorphic gametes evolved from ancestral isomorphic gametes and how often this happened. It remains to be determined whether the regulation of KNOX genes by MpRKD is conserved in M. polymorpha.
Given that RWP-RK genes function in gamete/egg specification or maintenance in Chlorophytes and land plants, spanning the phylogenetic diversity of the Viridiplantae, such a role may reflect an ancestral function of RKD genes in this clade. In C. reinhardtii the decision to differentiate as a gamete is controlled by nitrogen starvation, which induces MID expression. As a single-celled algae, gamete differentiation involves the entire organism. Of note is the involvement of another RKD clade of genes, NLP, in nitrogen responses. In contrast to C. reinhardtii, in multicellular land plant gametophytes, while the production of archegonia may be influenced by environmental conditions, the differentiation of an egg cell within the archegonia is likely a genetic decision, i.e., the appropriate cell based on anatomy and position is specified as a gamete in the larger context of the gametophyte. One possibility is that genes of the RKD clade were recruited, or retained, to function in organisms where gamete differentiation is genetically based in contrast to environmentally induced. In conclusion, we provide evidence that the RKD protein family fulfills a conserved developmental function in orchestrating the transcriptional network in the early generative development of plants.
EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures.
ACCESSION NUMBERS
The accession numbers for MpRKD (Mapoly0022s0128), MpNIN (MpNLP in [21] , Mapoly0083s0040), MpRWP (MpRWP1 in [21] , Mapoly0049s0118), and MpMID (MpRWP2 in [21] , Mapoly0014s0044) reported in this paper are GenBank: KU987910, KU987909, KU987911, and KU987912. 
